Endothelium-derived NO plays a critical role in the regulation of cardiovascular function and structure, as well as acting as a downstream mediator of the angiogenic response to numerous vascular growth factors. Although endothelial NO synthase (eNOS)-deficient mice are viable, minor congenital cardiac abnormalities have been reported and homozygous offspring exhibit high neonatal mortality out of proportion to the severity of these defects. The aim of the present report was to determine whether abnormalities of the pulmonary vascular development could contribute to high neonatal loss in eNOS-deficient animals. We now report that eNOS-deficient mice display major defects in lung morphogenesis, resulting in respiratory distress and death within the first hours of life in the majority of animals. Histological and molecular examination of preterm and newborn mutant lungs demonstrated marked thickening of saccular septae, with evidence of reduced surfactant material. Lungs of eNOS-deficient mice also exhibited a striking paucity of distal arteriolar branches and extensive regions of capillary hypoperfusion, together with misalignment of pulmonary veins, which represent the characteristic features of alveolar capillary dysplasia. We conclude that eNOS plays a previously unrecognized role in lung development, which may have relevance for clinical syndromes of neonatal respiratory distress. (Circ Res. 2004;94:1115-1123.) Key Words: nitric oxide Ⅲ angiogenesis Ⅲ surfactant Ⅲ respiratory distress syndrome Ⅲ alveolar capillary dysplasia
N O is a multifaceted vasodilator that has also been shown to be an important regulator of vascular growth and remodeling. 1 NO has been implicated as a critical downstream mediator in the biological response to a variety of angiogenic growth factors, [2] [3] [4] [5] mediating endothelial cell (EC) proliferation, 6 migration, 7 and vascular tube formation. 3 Adult eNOS-deficient mice (eNOS Ϫ/Ϫ ) exhibit marked defects in postnatal angiogenesis, 8 moderate systemic hypertension, 9 and mild elevation in pulmonary vascular resistance with an exaggerated pulmonary vasoconstrictor response to hypoxia. 10 Although eNOS Ϫ/Ϫ mice are viable, litter sizes are characteristically small, and these offspring exhibit minor abnormalities such as bicuspid aortic valve 11 and atrial septal defects. 12 eNOS is strongly expressed in rodent 13 and ovine 14 fetal lungs at mid to late gestation, in both vascular endothelial as well as airway epithelial cells, 15 consistent with a possible role in the regulation of pulmonary vasculature and airway development. However, to date there has been no direct evidence implicating NO in fetal lung development, although recently eNOS has been shown to be involved in compensatory hyperplasia of postnatal lung 16 and in preventing loss of alveolarization during neonatal exposure to hypoxia. 17 The paradox between the important role of NO in postnatal angiogenesis, yet the apparently normal embryonic vascular development in eNOS Ϫ/Ϫ animals could be explained by a high degree of redundancy, which often is associated with critical developmental steps. However, because the lung assumes its critical function as a gas exchange organ only after birth, even major abnormalities in lung development would not compromise embryonic and fetal survival, and would only be manifested postnatally. Indeed, Feng et al 12 have recently reported that although the number of pups initially born to eNOS Ϫ/Ϫ and WT mice was similar, eNOS-deficient offspring showed high rates of neonatal loss, out of proportion to the severity of congenital malformations. Therefore, we hypothesized that early postnatal mortality seen in the majority of eNOS Ϫ/Ϫ pups would be due to fatal neonatal respiratory distress caused by abnormalities in lung development. biotin (ABC) immunoperoxidase method 18 as described in the expanded Materials and Methods section in the online data supplement available at http://circres.ahajournals.org. Ultrastructural analysis was performed in lungs from E20 and P0 (postpartum first hour) mice, fixed, and processed for transmission electron microscopy (TEM) as previously described, 19 using a JEM 1230 (JEOL USA, Inc) electron microscope.
Western Blot Analysis, Cell Proliferation, and Apoptosis Assays
Western blotting was performed on WT and eNOS Ϫ/Ϫ fetal lungs at E18, E20, and P0, as previously described. 20 Rat anti-mouse Ki67 (DAKO) [1:50] monoclonal antibody and immunoperoxidase method was used to detect proliferative cells in fetal and new born lung sections. TUNEL analyses were conducted using Apoptosis detection system [Fluorescein] (Promega), following manufacturer's instructions. Random images (10 per section) were captured and morphometric analyses [percentage of Ki67 (ϩ) cells and TUNEL (ϩ) cells] were conducted in a blinded fashion.
L-NAME Experiment
N -nitro-L-arginine methyl ester (L-NAME) [nitric oxide synthase inhibitor] (Sigma) (90 mg/kg) was injected intraperitoneally in timed pregnant WT mice (C57BL/6J) and (BALBc) [nϭ3 from each genetic background] daily from E11 to E18 gestation. Control group (nϭ3) received equal volume of saline. Fetuses were harvested at E19.5 gestation for morphological analyses.
Fluorescent Microangiography
The chest cavity was opened and a 27 1 ⁄2-gauge needle inserted into right ventricle. The fetal pulmonary arterial system was perfused with a solution of 1% low melting agarose (Sigma) containing a suspension of 0.2 m fluorescent microspheres (1:10 [v/v]) (Molecular Probes) until free return of the agarose solution could be observed from a small incision in the left atrium. The fetuses were then fixed in 4% paraformaldehyde for 48 hours at 4°C and (150 m) sections were cut on a vibratome [Leica VT1000S], counterstained with propidium iodide (Sigma) (5 g/mL [wt/vol] in PBS) at room temperature for 10 minutes, washed in PBS, and mounted with mounting media. Images were captured by optical sectioning using confocal microscope (Bio-Rad "Radiance"). In separate experiments, WT and eNOS Ϫ/Ϫ fetuses at E20 gestation were given nitroglycerin (2 g per fetus) intraperitoneally (IP), 10 minutes before performing fluorescent microangiography.
Quantitative RT-PCR
Total RNA was extracted from frozen fetal lung tissues as described in the online data supplement. The expression of genes of interest (Table) was analyzed by real-time PCR (ABI 7900HT, Applied Biosystems), using SYBR green PCR Core Reagents (ABI; see online data supplement for details). The results of real-time PCR were presented as absolute numbers (fg/reaction) measured against the standard curves. All measurements were performed in triplicates.
Lipid Mass Spectrophotometry for Newborn Lung Bronchoalveolar Lavage Fluid (BALFs)
Sterile PBS (50 L) was infused into the trachea of newborn pups, and BALF samples (WT, nϭ5; eNOS Ϫ/Ϫ , nϭ7) were extracted and flash frozen until further processing. At the time of analysis, the BALF samples were thawed on ice, centrifuged for 10 minutes, and extracted as previously described. 21 Lipid extracts were then directly infused at 15 L/min into an API 4000 LC/MS/MS (MDS Sciex) using a Q1 scan from 100 to 1000 amu.
Statistical Analysis
All values were presented as meanϮSEM. Statistical significance between groups was determined by one-way analysis of variance, followed by Bonferroni or unpaired t test, as appropriate. A value of PϽ0.05 was considered significant.
Results
Pregnant eNOS Ϫ/Ϫ and WT C57BL/6J mice were observed at term (8 litters for each) and during the immediate postpartum period (P0). Litter sizes of eNOS Ϫ/Ϫ animals varied from six to eight pups at birth, however some newborn eNOS Ϫ/Ϫ pups exhibited severe respiratory distress and were obviously cyanotic ( Figure 1a ). 40Ϯ5% of eNOS Ϫ/Ϫ offspring succumbed within the first hour of birth, whereas no neonatal mortality or respiratory distress was evident in pups of WT litters.
Defective Pulmonary Development in Mice
Lungs of WT mice showed normal saccular expansion and septal thinning at term ( Figure 1b ), whereas in eNOS Ϫ/Ϫ pups there was evidence of marked septal thickening and reduced airspaces (Figures 1d and 1f ). Similarly, preterm (E20) eNOS Ϫ/Ϫ fetal lungs demonstrated abnormally compact lung structure compared with WT lungs (Figure 1c ), often with only rudimentary saccules and indistinct bronchial structures ( Figure 1e ), although occasionally areas of reduced septation and abnormally large airspaces were observed ( Figure 1g ). Overall, the ratio of saccular to total parenchymal area in E20 eNOS Ϫ/Ϫ lungs was significantly reduced (0.020Ϯ0.01 and 0.11Ϯ0.03, eNOS Ϫ/Ϫ and WT, respectively; PϽ0.05, nϭ6 random fields from four animals per time points). There were no differences in cell proliferative index determined by Ki67-positive cells between WT and eNOS Ϫ/Ϫ at E20 (see online Figure S1 in the online data supplement). However, mutant animals demonstrated significantly less TUNELpositive cells consistent with lower rate of apoptosis (see online Figure S1 ). Although fetal lungs from E16 eNOS Ϫ/Ϫ animals showed an apparently normal pseudoglandular histological pattern (Figure 2d ) similar to WT E16 lungs ( Figure  2c ), there were scattered areas of parenchymal and interlobar hemorrhages (Figure 2d ), suggestive of abnormal pulmonary vascular fragility, which was apparent even on gross inspection ( Figure 2b ). In contrast, there were no differences in either histological or gross appearance between WT and eNOS Ϫ/Ϫ embryonic lungs at earlier periods of gestation [E12/E13] (Figures 2e through 2h ). In addition, eNOS Ϫ/Ϫ fetuses from embryonic day 18 to term demonstrated slight growth retardation when compared with WT mice (E20: 982Ϯ22 and 1169Ϯ34 g, PϽ0.001); however, lung growth relative to body weight was not reduced. Newborn eNOS heterozygous mice did not show signs of respiratory distress at birth and the survival of litters was comparable to that of WT. Histological examination of eNOS ϩ/Ϫ lungs demonstrated no lung abnormalities (data not shown). Interestingly, E19.5 lungs from WT fetuses of C57BL/6J or BALBc backgrounds exposed to L-NAME during mid to late gestation showed similar abnormalities to those of eNOS Ϫ/Ϫ animals (see online Figures S1e through S1h).
List of Genes of Interest and Primers for qRT-PCR
Ultrastructural examination revealed well-developed basement membrane and matrix scaffolding in WT at E20 ( Figure  3a ). In contrast, lungs from E20 eNOS Ϫ/Ϫ demonstrated the absence of discernible basement membrane in the distal airways and vasculature with disorganization of extracellular matrix structure ( Figure 3b ). Capillaries of preterm WT lungs could be seen aligning with the saccular epithelium to form efficient air-blood barriers (Figures 3a and 3c ), whereas those of eNOS Ϫ/Ϫ mice mostly remained deep within thickened septae (Figures 3b and 3d ). The number of capillaries abutting saccular airspaces, quantified in 10 randomly chosen low-power fields (ϫ2000), was significantly less in the eNOS Ϫ/Ϫ mice (1.3Ϯ1.4) compared with WT (4.0Ϯ2.2; PϽ0.05). In eNOS Ϫ/Ϫ lungs, grossly distended epithelial cells could be seen projecting into the saccular airspaces ( Figures  3d and 3f ) which, unlike the normal type II pneumocytes of WT lungs (Figure 3a ), did not show evidence of lamellar bodies. Interestingly, preterm ( Figure 3d ) and newborn eNOS Ϫ/Ϫ lungs (data not shown) often displayed an absence of recognizable surfactant material within the airspaces, whereas abundant surfactant could be seen in the saccules of WT lungs at E20 (Figure 3c ). Corresponding sections of lungs were stained with periodic acid-Schiff (PAS) and examined by light microscopy to assess the glycogen content of developing type II pneumocytes. In eNOS Ϫ/Ϫ mice, glycogen laden pneumocytes could be clearly seen protruding into the airspaces (Figure 3h ). In contrast, lung sections from WT animals showed reduced PAS staining at term (Figure 3g ), in keeping with the reduction in glycogen content seen in type II pneumocytes that are actively synthesizing and secreting surfactant. Based on similar PGP9.5 and CC10 immunostaining in WT and eNOS Ϫ/Ϫ , no apparent defects in neuroepithelial cells and Clara cells were noted (data not shown).
Impaired Pulmonary Angiogenesis in eNOS ؊/؊ Mice
Cells expressing the endothelial marker, CD31 (PECAM-1), could be demonstrated by immunostaining in lung sections from both WT (Figure 4a ) and newborn eNOS Ϫ/Ϫ mice P0 (Figures 4b and 4c ). However the number of CD31-positive cells appeared to be reduced in both eNOS Ϫ/Ϫ as well as in E19.5 fetal lungs from WT mice exposed to L-NAME during mid to late gestation (Figure 4i ). The 3-dimensional architecture of the distal pulmonary arterial tree was defined using fluorescent microangiography. WT lungs demonstrated uniform filling of the distal pulmonary arterial tree, with homogeneous perfusion of the microvasculature (Figure 4d ). In contrast, lungs from eNOS Ϫ/Ϫ fetuses showed dramatic pruning of arteriolar branches and regions of marked capillary hypoperfusion (Figure 4e ). Intraperitoneal nitroglycerin (NTG) administered to E20 fetuses 10 minutes before microangiography did not alter the angiographic appearance of eNOS Ϫ/Ϫ lungs (Figure 4k ). Occasionally, eNOS Ϫ/Ϫ mice demonstrated evidence of misalignment of pulmonary veins, which were seen in anomalous locations adjacent to the lung pleura, running alongside arterial vessels and sharing a common adventitial sheath (Figures 4f and 4g ). This, together with the lack of capillary in-growth into the alveolar septum, represents a characteristic feature of alveolar capillary dysplasia. 22 A similar histological appearance was evident in E19.5 lungs exposed to L-NAME (see online Figure S1h ).
Growth Factor and eNOS Expression in WT and eNOS ؊/؊ Mice
The expression of eNOS and various angiogenic growth factors was examined using quantitative RT-PCR. WT animals showed a progressive increase in eNOS mRNA beginning at E14, and reaching statistical significance by E16 (Figure 5a ), whereas no eNOS mRNA was detected in mutant animals (data not shown). In WT mice, there was a progressive increase from E16 to E20 in pulmonary mRNA levels for VEGF-A and angiopoietin-1 (Ang-1) and their receptors, flk-1 and Tie-2, respectively (Figures 5b through 5e) . In contrast, the increase in expression of angiogenic factors was significantly reduced in eNOS Ϫ/Ϫ mice, whereas the housekeeping genes, ␤-actin ( Figure 5f ) and GADPH (data not shown), were constant and similar between WT and mutant mice. 
Defective Surfactant in eNOS ؊/؊ Neonates
Expression of surfactant-associated proteins, SP-A, -B, and -C, markers for type II epithelial cell maturation, were not noticeably different between WT and eNOS Ϫ/Ϫ lungs ( Figure  6d ). In addition, immunohistochemistry of WT (Figure 6a) and eNOS Ϫ/Ϫ (Figures 6b and 6c ) fetal lungs demonstrated similar pattern of SP-C expression. However, phosphatidylcholine (PC), the most abundant of the lipid components of surfactant 21 was dramatically reduced in bronchial alveolar lavage fluid from lungs of eNOS Ϫ/Ϫ at birth, compared with [v] , and in some cases misalignment of pulmonary vessels (g), with veins sharing a common adventitia with a pulmonary artery (arrow; B, bronchiole). Arrowheads show pleural lining; scale barsϭ50 m. CD31 (PECAM-1) immunostaining of E19.5 fetal lungs exposed to saline (h) or L-NAME (i) in utero. that of WT pups (Figure 6e ). Moreover, the surface active molecular species of surfactant, dipalmitoyl PC, was also significantly reduced in the lavage fluid (Figure 6f ), suggesting that the surfactant produced by eNOS Ϫ/Ϫ mice lungs was both quantitatively and qualitatively defective.
Discussion
We report for the first time profound defects in lung morphogenesis in eNOS-deficient mice or mice treated with a NOS inhibitor, involving the pulmonary vascular tree and parenchyma. The pulmonary phenotype closely resembles the pathological features of alveolar capillary dysplasia (ACD), an increasingly recognized cause of persistent pulmonary hypertension of the newborn. 22, 23 The striking abnormalities in pulmonary vascular development in eNOS-deficient mice are consistent with the now well-accepted role of NO in angiogenesis in response to a variety of growth factors, most importantly VEGF. 2 There are two principle mechanisms by which VEGF contributes to blood vessel formation in the developing lung: vasculogenesis, which gives rise to the formation of capillaries from blood lakes; and angiogenesis, by which the more central vessels are generated, 24, 25 including the arterial and arteriolar branches. Of note, abnormalities in the lung vasculature were not manifested in fetal eNOS-deficient mice until after E13, a time point at which the pulmonary expression of eNOS in WT fetal first began to increase (Figure 5a ). The normal pattern of early vasculature development, together with the presence of capillary structures, albeit reduced in number, by immunostaining and electron microscopy in all lung sections examined, argues against a de novo failure of pulmonary vasculogenesis in this model. Rather, abnormalities were mainly related to the density of distal arteriolar branches, which develop mainly by angiogenesis. 24, 25 The third process governing pulmonary development is the fusion between the central and peripheral systems, which is essential for establishing continuity between the arteriolar and capillary circulations. 25 The near complete lack of capillary perfusion in some regions of lungs from mutant animals raises the possibility that this critical fusion event was also disrupted in eNOS Ϫ/Ϫ mice. Intense vasospasm could be excluded as a mechanism because nitroglycerin pretreatment failed to improve pulmonary capillary perfusion in eNOS Ϫ/Ϫ lungs.
The apparent differential requirement for NO in pulmonary angiogenesis versus vasculogenesis in lung development is intriguing. Vasculogenesis and angiogenesis both appear to be under the control of VEGF. 26 The disruption of even a single copy of the VEGF gene results in embryonic lethality due to the failure of endothelial differentiation and blood vessels formation. To overcome this limitation, Galambos et al 27 engineered knock-in transgenic mice expressing only VEGF 120 , which led to a selective impairment in the devel- opment of the distal pulmonary arteriolar branches, strongly resembling the vascular defects of eNOS-deficient animals. However, the abnormalities in vascular development in VEGF 120/120 animals were less marked than described in the present report. Interestingly, the expression of a wide range of angiogenic growth factors was also markedly reduced in eNOS-deficient mice during late gestation, suggesting that NO may play a role not only in downstream signaling in angiogenesis, but also in regulation of angiogenic gene expression in the developing lung. Indeed, NO has been suggested to upregulate VEGF expression, 5 and recent studies from our group implicate eNOS in the regulation of Ang-1 expression as well. 28 Interestingly, occasional areas of parenchymal pulmonary hemorrhage were observed, especially at E16 gestation, possibly as a consequence reduced expression of vascular stabilizing factors such as Ang-1/TIE2 and TGF-␤ 1 . 29 Therefore, it is possible that the defects in lung vascular development observed in eNOS Ϫ/Ϫ mice may have been in part secondary to a failure of a late gestational genetic program regulating the expression of angiogenic genes under the control of NO.
Lungs from mutant mice also exhibited reduced saccular area and thickening of the septae, again resembling features of the VEGF 120/120 transgenic model. 27 However, once more the abnormalities in the eNOS-deficient mice appeared more extensive. Not only did ultrastructural examination reveal a striking disarray of interstitial extracellular matrix and an absence of basement membrane in the distal airways and capillaries in eNOS Ϫ/Ϫ fetal lung, but also markedly swollen glycogen-laden epithelial cells could be seen protruding into the saccules. This finding is suggestive of a delay in maturation, because there is normally a reduction in glycogen content at term concurrent with increased surfactant secretion. 30 Interestingly, in lungs of eNOS Ϫ/Ϫ mice, there was no reduction in the expression of surfactant associated proteins (SP-A, -B, and -C) during late gestation which, taken together with the absence of lamellar bodies and the lack surfactant in lavage fluid, leads us to conclude that the defect may be at the level of the assembly of lipid-rich surfactant material, rather than protein synthesis.
Inadequate secretion of surfactant by pulmonary type II epithelial cells is a major cause of the respiratory distress syndrome in neonates. 30 Recently, it has been recognized that angiogenic factors may play a role in the maturation of type II pneumocytes and the regulation of surfactant formation in the developing lung. 31 Animals deficient in hypoxiainducible factor-2␣ (HIF-2␣), 30 a key transcription factor regulating the levels of angiogenic gene expression, exhibited neonatal respiratory distress due to a selective defect in pneumocyte maturation and surfactant production. Although this phenotype also appears to be shared by eNOS Ϫ/Ϫdeficient mice, the latter again exhibited more severe and widespread abnormalities in pulmonary vascular and airway development. Because HIF-2␣ plays a pivotal role in the regulation of the expression of VEGF and other hypoxiainducible angiogenic genes, this suggests that the abnormalities of pulmonary development in eNOS mutant mice cannot be ascribed solely to reduced angiogenic factor expression, but also reflect important and previously unrecognized direct effects of NO on endothelial and epithelial cell differentiation.
The marked abnormalities in epithelial differentiation and airway development in eNOS-deficient mice raise important questions about cross-talk between endothelial and epithelial cells in the developing lung. Previous studies have shown that inhibition of angiogenesis induced by VEGF receptor blockade had an important effect of lung development in neonatal mice, 32 consistent with the view that the differentiation and maturation of airways may be under the control of the vascular signals. However, it is important to note that eNOS expression is not confined to the vascular endothelium, and it is also present in the epithelium of developing airways. 14 Also, NO has been shown to modulate epithelial cell migration, 33 functioning to regulate the cycling of integrin-matrix binding at the leading edge of migrating cells. Therefore in the present model, it is not possible to dissociate the paracrine effects of endothelial-derived NO on epithelial cell maturation from possible autocrine actions. Further experiments using targeted knock-out or knock-in strategies to selectively alter endothelial and epithelial eNOS expression will likely provide valuable insight into this important question.
The pulmonary vascular phenotype of eNOS Ϫ/Ϫ mice shares surprising similarities with a new clinical syndrome, alveolar capillary dysplasia (ACD), described in infants with persistent pulmonary hypertension of the newborn refractory to vasodilator treatment. 22 This is a uniformly fatal disorder that is characterized by a deficiency of alveolar capillary in-growth and failure to form normal air-blood barriers by close apposition between endothelial and type I epithelial cells. In eNOS-deficient animals, the formation of the airblood barrier may have been impeded by the failure of development of both endothelial and epithelial basement membranes, which normally fuse to form the capillaryalveolar membrane. Infants with ACD often display misalignment of pulmonary veins, with both venous and arterial vessels sharing a common adventitial sheath, 22 an anomaly that was also found in the eNOS Ϫ/Ϫ lungs (Figures 4f and 4g ). ACD is also associated with other congenital defects, including phocomelia, bicuspid aortic valve, and atrial septal defects, 22 which interestingly have all been reported in eNOS Ϫ/Ϫ mice. 11, 12, 34 As well, heterogenous areas of abnor-mally open airspaces lungs were occasionally noted in eNOS Ϫ/Ϫ lungs at late gestation, reminiscent of the histological features of bronchopulmonary dysplasia (BPD), which occurs as a complication in premature neonates subjected to ventilatory support for severe hypoxemia. 35 Reduced expression of PECAM-1 (CD31), Flt-1, and Tie2 has been reported in lungs of infants dying of BPD, 36 providing further evidence linking this condition to disordered angiogenesis. Given the recently described impairment of alveolarization in eNOS Ϫ/Ϫ exposed to hypoxia, 17 it is possible that abnormal NO production might contribute to abnormal alveolar vascularization and loss of septation in this condition.
Abnormal pulmonary morphogenesis and maturation represents a significant problem in the immediate neonatal period, which together with prematurity-related lung diseases results in substantial morbidity and mortality due to respiratory distress and neonatal pulmonary hypertension. The present report provides novel evidence of a previously unrecognized contribution of NO to lung vascular and airway development and maturation. Thus, pharmacological or genetic manipulation of NO production in the perinatal period may represent a therapeutic strategy for the treatment or prevention of respiratory distress in clinical conditions associated with abnormalities in lung morphogenesis or premature delivery.
